Forty monkeys (Macaca mulatta) were exposed to 99-100% oxygen at pressures from 600 to 760 mm Hg. The acute exudative pulmonary response was seen in only three exposed at 760mm Hg. The subacute proliferative pulmonary response was seen at all levels studied, the degree being directly related to time-dose exposures. In the high dose ranges clinical signs of illness were evident after 5-7 days exposure when the monkeys became listless and anoretic. By 14 days they were quite lethargic and had assumed a huddled position. Grossly, the heavy lungs had a gray, bloodless appearance. Microscopically, there was extreme proliferation of the interstitium and alveolar epithelium. None of the monkeys that were exposed at 600 mm Hg died, although mild focal proliferative changes were seen. After 31 days postexposure, these changes appeared as focal areas of atelectasis with mild septal fibrosis.
Introduction
Classical lesions in rats, mice, and dogs dying of acute oxygen toxicity include copious amounts of clear, serous pleural fluid and dark purple lungs, which have a rubbery consistency and sink in fixing fluid (ref 1, 2, 4, 11, 13) . Pathology of subacute effects is not well documented. Friedrich and Grayzel (ref 5) reported pulmonary lesions in rhesus monkeys that had survived from 6 to 18 days in 90-95% oxygen at one atmosphere in a modified oxygen tent. Microscopically the lungs showed congestion, edema, small foci of pneumonia, and small areas of emphysema. Cook and Leon (ref 3) , working with squirrel monkeys, reported moderate lung damage in two that died after 15 days of exposure at 622 mm Hg of oxygen tension. The pulmonary lesions were not described, but may have been associated with daily returns to ambient conditions for feeding and cleaning. Weir et al (ref 13) reported pulmonary lesions, comparable to those described herein as the early proliferative type, in two young adult, male Sooty Mangebey monkeys that had been exposed to 95-99% oxygen at ambient pressure until death in 6 and 9 days. These two monkeys had gray, glistening lungs which microscopically had alveolar wall thickening and alveolar cells with swollen, vesicular nuclei. This difference in response between monkeys and lower mammalian forms was also noted in our preliminary experiments and provided the stimulus to investigate oxygen toxicity more extensively in monkeys.
SECTION II.

Materials and Methods
A series of three experiments was designed to delineate the pathological response of the monkey (Macaca mulatta) to high concentrations of oxygen at 600, 650, 695, 720, and 760 mm Hg pressure.
All monkeys were M. mulatta that had been stabilized for at least 90 days before the experiment was started, and had shown no response to three successive monthly intrapalpebral tuberculin tests. Number of monkeys, sex, and weight data are summarized in table I. All three experiments were conducted in the Toxic Hazards Research Unit (THRU) of the Aerospace Medical Research Laboratories at Wright-Patterson AFB, Ohio. The Thomas domes in the THRU are unique exposure chambers, which have been described in detail in reference 12. In brief, they are dynamic flow experimental altitude chambers in which the environmental conditions are automatically controlled to narrow ranges (table II) . Pressures are maintained at the prescribed level and average oxygen concentration is maintained between 99% and 100% at average flow rates between 18 and 23.4 cu ft/ min (about 500-650 liters/min). Temperature remains at about 72F (22.2C) and the average relative humidity at about 50% with only temporary fluctuations, usually during the entry and cleaning procedures. When dome pressure was maintained at 760 mm Hg, pressure was reduced to 720 mm Hg when the dome was entered and it remained at that level for about 30 minutes. Entries were made through the airlock daily to care for the monkeys and as often as required to remove dead animals. The monkeys were fed Purina Monkey Chow and water ad libitum. All monkeys were placed in a dome having an ambient air flow of 18 cu ft/min on the day before the start of the experiment. On the first day of the experiment the dome was purged with 100% oxygen until the oxygen concentration reached 98% at which time the total pressure was adjusted to the prescribed level.
In experiment 1 (Exp. 1), five groups of four monkeys each were exposed to 99-100% oxygen environments at pressures of 600, 650, 695, 720, and 760 mm Hg to induce lesions and to determine the influence of pressure on mortality (table III) . Two monkeys that survived a 15-day exposure at 600 mm Hg and one that survived a 16-day exposure at 650 mm Hg were taken to 258 mm Hg (99-100% oxygen) for 2 and 4 days, respectively. They were then returned to ambient conditions for 29-and 44-day observation periods, respectively. NR Not recorded.
In experiment 2 (Exp. 2), five monkeys were exposed to a 99-100% oxygen environment at an atmospheric pressure of 760 mm Hg to study the development of pulmonary lesions over the initial 5-day period (table IV). All but six of the monkeys surviving experiments 1 and 2 were killed with an intravenous barbiturate anesthetic in the dome in the same environment in which they had been exposed. The three held for observation in air as mentioned above and the three monkeys surviving the 695 mm Hg exposure were brought to the ambient environment before being killed in the same manner.
In experiment 3 (Exp. 3), 15 monkeys were exposed to a 99-100% oxygen environment at 760 mm Hg for periods up to 7 days (table IV) . This study was designed to provide tissue for electron microscopy (EM) studies, the results of which will be reported later. Light microscopy changes are reported here.
Monkeys to be biopsied for EM studies were placed under intravenous barbiturate anesthesia and a laparotomy performed to facilitate biopsy of the kidney and liver with Menghini needles. Nine monkeys died following exposure and initial surgery over a postexposure time period ranging from less than 1 hour up to 77 hours. The 15th monkey in this series died in the dome after 64 hours of exposure. The five monkeys that survived the initial postexposure period and surgery were held at ambient conditions for observation periods ranging from 42 to 50 days. Following observation they were again placed under surgical anesthesia, and electron microscopy samples were taken before they were killed with an overdose of the barbiturate.
Twelve control monkeys were housed at ambient pressures and were handled in the same manner as the others except for exposure to increased oxygen levels.
Necropsy examinations were made on all monkeys as soon after death as possible and never longer than 4 hours postmortem. Lung weights were taken on monkeys indicated in tables III and IV. Tissues from all organ systems were preserved in neutral buffered formalin, embedded in paraffin, and sectioned at 5 1L. A hematoxylin and eosin staining procedure was used routinely.
Masson's trichrome and Wilder's reticulum staining procedures were used to demonstrate connective tissue elements. Selected lungs were perfused intratracheally with buffered formalin.
SECTION III.
Results
The responses of these monkeys to high concentrations of oxygen were conveniently divided into the acute exudative type and subacute proliferative type. Chronic changes studied in this series were limited to histopathological findings on monkeys surviving low time-dose exposures and maintained under ambient conditions for observation periods up to 50 days before necropsy.
CLINICAL OBSERVATIONS Acute Response
Early signs of respiratory distress were seen within 48 to 72 hours in those monkeys exposed to high concentrations of oxygen (600-760 mm Hg). They maintained an upright position in their cages" and became progressively apprehensive. They remained alert when respiratory effort became labored as reflected by abdominal breathing. Two Exp. 1 and one Exp. 3 monkeys exposed at 760 mm Hg died in the dome following this acute syndrome. Terminally, serosanguinous and occasionally foamy exudate dripped from the nares and a limited amount of coughing often 5 produced a similar exudate. The monkeys then became comatose, fell over to a lateral decubital position, and soon died.
Subacute Response
Monkeys exposed to a sublethal time-dose exposure often exhibited various degrees of acute respiratory distress but recovered to develop signs associated with the subacute proliferative lesions seen postmortem. These subacute signs became evident after 5-7 days when the monkeys became progressively listless and anoretic. They lost weight, becoming emaciated and dehydrated prior to death. Terminally, they were quite lethargic, assumed a huddled position, which could be described as a "fetal" posture, and faced into the darkest corner of the cage. They became comatose and often died in this position, although some fell into a lateral decubital position before death. Respiration became depressed and there was no terminal respiratory effort similar to that seen in monkeys dying acutely.
Clinical signs in monkeys removed from the domes varied, depending on the time-dose exposure and the individual monkey's response. Exp. 3 monkeys were given "oxygen therapy" (50% oxygen at ambient pressure), after removal from the dome, so that biopsies for electron microscopy could be obtained from living animals. Even so, there were three deaths in one hour or less following exposure. These monkeys and others in Exp. 3 dying within 77 hours exhibited signs similar to those described for the acute syndrome. Exp. 1 and 3 monkeys that lived from 31 to 50 days had variable degrees of respiratory distress in the first to third days after initial exposure before their recovery became apparent. They appeared to be clinically healthy monkeys at the end of the postexposure holding period.
GROSS PATHOLOGY Acute Response
Significant gross lesions in the three Exp. 1 and 3 monkeys that died in the dome following the acute syndrome were limited to the lungs. The lungs were quite heavy with serous fluid and blood resulting in varying shades of red and reddish-blue. Clear serous fluid often ran from the trachea and from the cut surface when slight pressure was applied. The lungs tended to sink in the formalin fixative. A marked increase of pleural fluid was limited to one monkey in which the lung made up 3.14% of the body weight. Experiment 3 monkeys that died within 77 hours after the biopsy procedures had similar gross lesions, except that acute widespread hemorrhage and alveolar emphysema were more evident.
Developing gross lesions were seen in the lungs of four of five Exp. 2 monkeys. Lungs of monkeys killed from days 2 to 5 showed progressively larger areas of patchy atelectasis and edema with the degree of involvement being moderate on day 5. Lung weight data (table IV) indicate a progressive increase in lung weight over the 5-day period.
Subacute Response
Significant gross lesions in the monkeys that died or were killed following the subacute syndrome were also limited to the lungs. The lungs had an almost dry surface, were nearly bloodless, and were tan or yellowish-gray. They had a firm texture and sank in the formalin fixative. This type of gross pulmonary change was marked in four Exp. 1 monkeys exposed at 720 mm Hg pressure, and also in one surviving the 14-day exposure at 760 mm and one dying after 10 days. Excessive amounts of pleural and pericardial fluid were noted in one monkey exposed at 720 mm Hg. Lung weights ranged from 2.23% to 3.39% of the body weights. The lung weights of the 12 control monkeys did not exceed 1.0% of the body weights (mean 0.76%, range 0.64-0.94%).
MICROSCOPIC PATHOLOGY
Microscopic lesions associated with the presence of lung mites (Pneumonyssus simicola) were seen in all lungs. Every effort was made to exclude these lesions from those to be described as a result of exposure to high concentrations of oxygen. The acute exudative and the subacute proliferative responses to high concentrations of oxygen are described separately. Variations and combinations of these two types are related to exposure conditions in tables III and IV.
Acute Response
The acute exudative response was best demonstrated in two Exp. 1 monkeys and one Exp. 3 monkey exposed to oxygen at 760 mm Hg and dying within 3-4 days. These lesions consisted of massive alveolar edema, patchy emphysema, and mild scattered hemorrhage. Large zones of fresh edema were coexistent in central portions of the lobes with resolving alveolar fibrinous exudate, containing small numbers of neutrophils and erythrocytes and occasional mononuclear macrophages. Small neutrophilic aggregates, occupying from two to four alveoli, were scattered through lung sections of the Exp. 3 monkey. The fibrinocellular exudate in peripheral emphysematous portions of the lobes was resolving. A mild interstitial inflammatory exudate consisted of scant edema, several neutrophils and scattered lymphocytes. There was no evidence of proliferative changes in the interstitium or epithelium and no bronchiolar inflammation.
The amount of alveolar edema varied considerably in the lungs of Exp. 3 monkeys dying after 4 to 7 days exposure. Large zones of fresh edema were often superimposed on resolving alveolar exudate. This exudate usually appeared as fibrin which was layered and adhered to the alveolar walls and lower air passages occasionally taking on the appearance of a hyaline membrane ( fig. 1 and 2 ). Mononuclear alveolar macrophages were usually present in alveoli containing resolving fibrinocellular exudate along with neutrophils that appeared first in a random fashion and later in small focal aggregates in contiguous alveoli.
Other microscopic observations consisted of mild to moderate congestion of the liver, spleen, adrenal, and in one monkey, the brain. Moderate focal degenerative changes were seen in the pancreas of one monkey.
Subacute Response
Microscopic lesions of the proliferative type were seen in monkeys following the subacute clinical syndrome. These lesions consisted of variable amounts of proliferation of the pulmonary interstitium and hypertrophy and still later hyperplasia of the alveolar lining epithelium. This response was first seen as early at the 5th day in Exp. 2 and the 6th day in Exp. 3. It consisted of mild hypertrophy of the alveolar lining cells and mild edema with fibrillar material in the interstitium along with moderate numbers of immature lymphocytes, and a small number of septal cells. In the alveoli there was often resolving exudate containing fibrin with entrapped neutrophils, mononuclear phagocytic cells, and an occasional desquamated alveolar cell. In a few monkeys, there were layers of fibrin lining the alveoli and rarely, hyaline membranes. Proliferative and hypertrophic changes that ranged from mild to moderate tended to be focal in distribution at the lower dose levels in Exp. 1 animals (fig. 3 ).
The maximum proliferative response was seen in those monkeys surviving the exposure at 720 and 760 mm Hg in Exp. 1. The interstitium of the septae was greatly thickened due to col-lagenous as well as reticular fibers ( fig. 4 and 5) . Moderate numbers of small lymphocytes and fibroblasts also contributed to the thickness of the septae ( fig. 6 and 7) . Only modest increases in vascularity accompanied the proliferative changes in the septae, and congestion or hyperemia was not evident in these lungs. Alveolar lining cells were markedly enlarged and the lining itself hyperplastic, often appearing to be several cells thick ( fig. 8) . Desquamated alveolar lining cells appeared in the alveoli in large numbers with a few mononuclear phagocytes. Epithelial hyperplasia and increased goblet cell activity was evident in the lower respiratory passages, and resolving fibrinocellular exudate was often seen in the bronchioles.
Other microscopic lesions included mild to moderate focal chronic myocarditis, primarily in those monkeys exposed at 600 and 650 mm Hg where three of four and two of four, respectively, had these lesions. The latter two died after exposures of 14 and 16 days. One case of moderate focal acute myocarditis was seen in the Exp. 3 monkey that was exposed for 6 days and died 2 days later. Mild focal subendocardial hemorrhages occurred in a monkey that was exposed for 3 days and died 3 days later.
Congestion of the liver was seen in many monkeys as well as occasional mild cases of focal hepatitis and pericholangitis. Fatty changes in the liver were recorded from three monkeys; in the one that died after 12 days exposure at 695 mm Hg, this lesion was severe and diffusely distributed. Mild to moderate chronic pyelonephritis or glomerulonephritis, with accompanying tubular changes in some, was seen in about 25% of the monkeys. Congestion at the corticomedullary junction of the kidney was recorded from about 10% of the monkeys as was a similar incidence of adrenal congestion. Chronic cystitis was seen in two monkeys (5%). Mild to moderate degenerative or fibrotic changes of the pancreas were seen in 10% of the monkeys.
Chronic Response
Mild chronic changes in the lungs were seen in those monkeys surviving for several weeks after initial exposure up to 5 days at 760 mm Hg and 15 or 17 days at 600 and 650 mm Hg. These changes consisted of small focal areas of atelectasis where the interstitium appeared to have more collagenous fibers than the surrounding septae of alveoli that were mildly emphysematous ( fig. 9 ). 
Discussion
Acute exudation and hemorrhage as seen in the lungs of lower mammals, i.e., dogs, rats, and mice, has been accepted as the classical pulmonary response to concentrations of oxygen near 760 mm Hg. There has been little proof that subhuman primates would react the same as lower mammals. Therefore, investigators have been rightfully hesitant in extrapolating this information to man.
Our results using M. mulatta show two distinct and characteristic pulmonary lesions, which we have termed the acute exudative and the subacute proliferative responses. The acute exudative response was not often seen in our monkeys but was comparable in general to the acute pulmonary exudation and hemorrhage induced by high concentrations of oxygen in lower mammals.
The subacute proliferative pulmonary lesions that were predominant in the lungs in our monkeys developed in the following chronology. At high rates of exposure, there was at first a mild interstitial pneumonitis that developed in the first 48 hours of exposure. Fluid transudation into alveoli progressed to fill most of the centrally located alveoli around terminal bronchioles at which time death may have occurred from anoxia.
At slightly lower doses of exposure and in those monkeys that could tolerate the higher levels of oxygen, there was an endpoint to the degree and extent of alveolar edema. Fibrin formed in the alveoli and resolution of the alveolar fibrinocellular exudate began. Mononuclear macro-phages, lymphocytes, and occasional alveolar lining cells took part in the resolving process. Neutrophils formed microabscesses in the alveoli of some lungs. If there was a concurrent bacterial infection in the nutrient rich alveolar fluid, neutrophils were more numerous. Starting on day 5 or 6, the alveolar lining cells became noticeably large and the interstitial cell population increased with the appearance of young fibroblasts and septal cells having large vesicular nuclei. By day 10 alveolar lining cells were hyperplastic and thrown up into folds. Desquamated alveolar lining cells became more numerous in the resolving alveolar exudate. The interstitium became quite thick and fibroblastic activity was more noticeable. About day 14-16 the interstitial reactive cells were assuming a more mature character in that the septal cells were smaller and collagenous fibers more numerous. Lymphocytes were of the small type.
In the lungs exposed to lesser doses, the proliferative lesions tended to be focal rather than uniform. In monkeys that survived for several weeks after exposure, the focal areas of proliferation became atelectatic and collagen was prominent in the septae of the collapsed alveoli.
Most of the microscopic lesions in other than the lungs were of questionable relevance to oxygen toxicity. These lesions were sporadically distributed and were either secondary to the pulmonary lesions or, more probably, the result of preexisting spontaneous disease. The only possible exception to this was the occurrence of chronic myocarditis in the monkeys exposed at 600 and 650 mm Hg. Since there was no increase in incidence or severity with increases in exposure pressure, their significance is unresolved. This is true, particularly, since similar lesions have been seen sporadically in monkeys in other experiments.
The innate ability of each individual monkey to adapt to the high concentrations of oxygen may be an extremely important factor in its survival and in the pathogenesis of these different lesions. The acute exudative pulmonary lesion developed in only two of four Exp. 1 monkeys exposed at 760 mm Hg while the other two developed the subacute proliferative lesion. The four monkeys exposed at 720 mm Hg exhibited the most uniform response of all groups studied because all survived the experimental period and all had maximal proliferative pulmonary lesions.
One monkey exposed at 695 mm Hg and two at 650 mm Hg died between days 12 and 16 of exposure. However, all showed some degree of proliferation of pulmonary tissue and two of three had marked amounts of pulmonary edema, which probably occurred as a terminal event.
There is reason to believe that age may influence survivability. After exposure to 760 mm Hg for up to 5 days, none of the five younger monkeys in Exp. 2 (2.0-2.7 kg) died while three of nineteen older monkeys in Exp. 1 and 3 (2.7-6.6 kg) died.
Appreciable weight losses occurred only if the monkeys lived for 10 days or more in the high oxygen concentrations. In Exp. 1 the greatest weight loss was in the monkeys exposed at 695 mm Hg and the next greatest was at 720 mm Hg.
Increases in lung weight must be qualifed to differentiate fluid and cells. Increases in lung weight up to 3.39% of the body weight was recorded from one animal (Exp. 1) with a typical proliferative response. The lungs of one monkey (Exp. 3) dying in the acute stage where edema and hemorrhage were predominant made up 3.14% of his body weight. Another monkey's lungs (Exp. 3) were 3.26% of his body weight; this monkey had been exposed 6 days and lived 11 hours after surgery and had both severe pulmonary edema and early proliferative changes.
In Exp. 2 where the smallest monkeys were used, there was a uniform increase in lung weight over the 5-day period. This increase due to pulmonary edema rather than proliferation of cells was also evident in those monkeys dying within hours after exposure in Exp. 3.
Several factors in Exp. 3 influenced mortality and the production of lesions. Effectiveness of oxygen therapy after the monkeys were removed from the dome, variation in the lethality of the intravenous barbiturate anesthesia, trauma of surgery and biopsy, and subsequent problems associated with recovery present a formidable array of variables upon which to base a judgment involving oxygen toxicity. Even so, increasing the length of exposure correlated in general with increasing mortality and decreasing survival time following surgery and biopsy. Both monkeys exposed for 1 day survived exposure and surgery, while none exposed for more than 5 days survived for more than 2 postsurgical days. Removal of these monkeys after 48 hours in their 99-100% oxygen environment caused respiratory distress that increased in severity with increase in exposure time. Oxygen therapy somewhat alleviated the signs of respiratory distress, but apparently did not provide adequate enrichment for prolonged survival. As respiratory distress increased so did the amount of alveolar edema.
Mild atelectatic and fibrotic changes were the only indications of residual effects seen in the lungs of those monkeys surviving the exposure in Exp. 1 and 3 and kept alive for several weeks. This indicates a reasonable chance for survival of M. mulatta after exposure to 99-100% oxygen to as high an atmospheric pressure as 600 mm Hg for 15 days, although there may be subsequent mild focal septal fibrosis.
Some of the pulmonary lesions seen in man that are related by way of possible etiology (oxygen) or morphology have a direct bearing on the lesions produced in these experiments.
Pratt (ref 10) , in a study of autopsied human patients who had received oxygen therapy, concluded that patients receiving oxygen inhalation for as little as 2 days had pulmonary alterations consisting of capillary congestion and proliferation. He stated further that diffuse fibrosis had been encountered after continuous oxygen inhalation for 2 weeks. Fuson et al. (ref 6) reported a fatal human case of pulmonary oxygen toxicity arising as a result of hyperbaric oxygen therapy. In addition to the lesions referable to an anerobic infection, there were pulmonary lesions including intraalveolar hemorrhage, fluid transudation, and intraalveolar fibrinoid or hyaline membranes. These lesions are compatible with lesions seen in our monkeys exposed to 99-100% oxygen at 760 mm Hg pressure.
Two of the interstitial pneumonias of man are of particular morphological interest. Desquamative interstitial pneumonia (DIP) of man was recently reported by Liebow (ref 9) with additional cases reported by Gaensler, et al. (ref 7) . The lesions of DIP are characterized by massive proliferation and desquamation of large alveolar cells. There is slight thickening of the walls of the distal air spaces, no necrosis, and minimal loss of tissue. The subacute proliferative lesions in the lungs of our monkeys are similar to those in DIP in that there is a pronounced hyperplasia of the alveolar lining cells and subsequent desquamation and no necrosis. The lesions are dissimilar in that there is a marked proliferation of the interstitium in the monkey lungs and an actual increase in tissue.
Acute diffuse interstitial fibrosis reported by Hamman and Rich (ref 8) is a pulmonary disease with a rapid" clinical progression to death within a few months. In the early stage there is an acute exudative pneumonitis in which hyaline membranes are prominent; later fibroblastic invasion and proliferation result in fibrosis. To date there has been no experimental model for the study of the Hamman-Rich syndrome. The clinical syndrome and the subacute proliferative lesion produced in our monkeys breathing 99-100% oxygen at 720 mm Hg pressure may serve as a reasonable model for the study of acute diffuse interstitial fibrosis.
